The complex interplay between depositional facies and diagenesis in dolostones presents numerous challenges for calculating petrophysical properties from wireline logs. Complex pore geometries and mineralogies control rock petrophysical properties, and equations for calculating porosities and saturations must therefore be tailored to specific pore geometry-mineralogy combinations. The complex mineralogy of some dolostone reservoirs, moreover, has profound effects on wireline log measurements. If dolostone reservoirs are divided into petrophysical-mineralogical facies of similar depositional and diagenetic textures and, thus, similar pore geometries and mineralogy, empirical equations that apply specifically to that geologically identified petrophysical-mineralogical facies can be developed so that porosity and water saturation can be calculated accurately.
Introduction
The multiple pore types and associated pore-throat geometries and variations in siliciclastic and calcium-sulfate content, which are characteristic of complex dolostone reservoirs and a consequence of both depositional and diagenetic processes, require that petrophysical calculations from wireline logs be tailored to specific rock types. Simply put, "standard" rock equations generally yield unreliable calculations of porosity and saturation.
It is well established that pore types and pore geometries in carbonate reservoir rocks control petrophysical properties such as porosity, permeability, and saturation [1] [2] [3] [4] [5] . It is also well established that the complex mineralogies in some dolostone reservoirs can have a tremendous influence on wireline tool response 6, 7 . Therefore, petrophysical characterization, and, more specifically, accurate wireline log analysis of dolostone reservoirs, require an understanding of both complex pore geometry and mineralogy. We describe methods of determining petrophysical properties in complex dolostone reservoirs by considering the key rock properties of mineralogy, depositional and diagenetic textures, and pore and pore-throat geometry. We incorporate all of these rock properties into calculations by grouping parts of the reservoir into petrophysical-mineralogical facies. In this paper we draw on examples from Permian (Guadalupian and Leonardian) reservoirs of the Permian Basin in the southwestern United States, although the principles and procedures presented herein have application to dolostone reservoirs throughout the world.
Influence of Pore Geometry on Petrophysical Properties
Petrophysical properties in complex carbonate rocks are mutually interdependent. Porosity-permeability cross-plots and the Archie equation 8 , which expresses formation resistivity factor (FRF) as a function of porosity, are two of the most commonly recognized examples of this interdependency. It follows that if permeability and FRF vary with porosity, then FRF must be recognized as varying with both porosity and permeability. Similarly, capillarypressure characteristics are dependent on both porosity and permeability as seen in the Leverett j-function. The mutualinterdependence of petrophysical properties is an important consideration for making accurate models of porosities and saturations in complex dolostone reservoirs.
Pore geometries control the interrelationship of petrophysical properties. The three most important pore-geometry characteristics are (1) amount and types of pores or shape, (2) interconnectedness of pores (tortuosity), and (3) size of interconnecting pore throats. These three pore-geometry characteristics control FRF, pore capillarity, porosity, and permeability, all of which are critical for determining net pay.
The three major pore-geometry characteristics are commonly a function of multiple pore types, such as fracture porosity, intergranular (or intercrystalline) porosity, microporosity, and vuggy or moldic porosity. Pore geometry can be described qualitatively by determining the relative abundance of these various pore types. Rocks dominated by the geometrically simplest of these pore types, fracture porosity, generally have low tortuosity, low and uniform FRF, and low porosity and high permeability relative to porosity. In contrast, rocks containing a mixture of fracture, intergranular, micro-, and vuggy porosity have high tortuosity, high and variable FRF, and higher porosities and moderate permeabilities relative to porosity (Fig. 1) .
Covariance of porosity and permeability is dependent on pore geometry, with permeability varying over several orders of magnitude for a given porosity 4, 5, 6, 9 . This large variation is a consequence of multiple pore types and their associated pore-throat size. Relatively high permeabilities at low porosities occur in rocks containing fracture and touching vug pores, moderate permeabilities at moderate porosities occur in rocks containing interparticle pores, and relatively low permeabilities at high porosities occur in rocks containing intercrystalline, microporosity, and separate-vug porosity (Fig. 2) . Thus, establishing a porosity-permeability relationship requires knowledge of the existing pore types, which are a consequence of rock type.
Irreducible wetting phase water saturation (Swirr) is also controlled by pore geometry and is found in the form of thin surface film, lenses in small pore throats, and pendular rings in narrowing pore space between grains. Because fractures and vugs typically have Swirr in the form of a thin surface film, they have relatively low values of irreducible water saturation. Thus, in the case of complex dolomitized, Permian shallow-water carbonate reservoirs in the Permian Basin, rocks containing vuggy pores have low irreducible water saturations at all but very low porosities (Fig. 3) . Intercrystalline pores and micropores, in contrast, have relatively narrow pore throats and low surface area:volume ratios leading to Swirr in the form of lenses in small pore throats and pendular rings, resulting in relatively high irreducible water saturations. Indeed, in Permian Basin dolostone reservoirs, irreducible water saturations are generally higher than 40% at 6% porosity, and 100% at porosities lower than 4% (Fig. 4) . Thus, it is critical for one to know pore geometries when characterizing reservoirs and making petrophysical models.
Pore geometry is a consequence of the depositional and diagenetic history of rocks and, therefore, the petrophysical properties of reservoirs can be predicted on the basis of rock genesis. Although these complex dolostones can be subdivided in many ways, Permian dolostone reservoirs of the Permian Basin can be generally divided into four petrophysical-mineralogical facies, including (1) subtidal, mud-dominated dolostone; (2) subtidal, grain-dominated dolostone; (3a) dolomitic peritidal rocks (sabkha) and (3b) siliciclastic peritidal rocks (tidal-flat); and (4) diagenetically altered subtidal dolostone. Although this list is not exhaustive, these four reservoir rock groups serve as examples of the mineralogy and pore-geometry effects that must be considered when making wireline calculations and petrophysical models in complex dolostone reservoirs.
Characteristics of Petrophysical-Mineralogical Facies
Subtidal Mud-Dominated Dolostone: Mineralogy and Pore Geometry. Subtidal, mud-dominated dolostone, deposited in a lowenergy setting and pervasively dolomitized, contains varying amounts of anhydrite and clay. The dominant mineral is dolomite in the form of euhedral, 10-to 30-mm crystals. Anhydrite, which usually accounts for 0% to 10% of the rock by volume, is present as 1-to 3-cm nodules, as cement filling skeletal molds, or as poikilotopic cement. Clay minerals are locally present as thin laminae dispersed within the dolomite matrix or as insoluble residue in stylolites. Subtidal, mud-dominated dolostones that contain clay are characteristically gray. Clay content ranges from 0% to 10% (Fig. 5) .
Porosity is dominantly intercrystalline in subtidal, dolomitic, mud-dominated rocks, commonly informally described as "sucrosic" when crystals are relatively large and euhedral. Moldic porosity is rare or, if present, it typically constitutes only a small fraction of total porosity. The dominance of intercrystalline porosity results in the most uniform porosity characteristics of the major Permian Basin reservoir rock types.
Petrophysical Characteristics and Net Pay. Subtidal, muddominated dolostones generally exhibit low permeabilities that range as high as 10 md but have mean values of less than 1 md. These values are mainly a result of low porosity and small intercrystalline pore throats, in turn resulting in high tortuosity. Even in cases where these rocks are relatively porous, the smallpore-throat characteristics result in low permeability and a high capillary pressure barrier to fluid flow.
Because of the narrower pore throats and, thus, lower permeability characteristics of this petrophysical-mineralogical facies, high net pay cutoffs are typically used. Capillary pressure characteristics result in high irreducible water saturations and a thick transition zone between completely water saturated and hydrocarbon-saturated rock (Fig. 6) .
Mineralogy Effect on Porosity Logs. Mineralogy in subtidal, mud-dominated dolostones is generally not a major factor in calculating porosity from wireline logs. Increasing volumes of anhydrite in this rock type results in positive error in acoustic log measurements and negative error in density and neutron log measurements. Thus an acoustic-density porosity transform is a very accurate method for calculating porosity.
Because the anhydrite content in this rock type is small, generally less than 20%, the absolute error in porosity log measurements is also generally small. It should be noted, however, that in rocks of low porosity this small error can be significant (Fig. 7) .
The presence of clay can create a positive error in porosity calculations of subtidal, mud-dominated rocks, which is made using all three porosity logs, however, and the net value of this error is greater than that caused by anhydrite. On the other hand, clay content in this rock type is typically low, generally less than 15%, and neutron log calculations exhibit the smallest error (Fig. 8) .
Subtidal, Grain-Dominated Dolostone. Mineralogy and Pore Geometry. Subtidal, grain-dominated dolostones are characterized by grain-support textures of fossil, ooid, or peloidal allochems (Fig. 9 ). Mineralogically they contain dolomite, anhydrite, and gypsum. Dolomite, the most abundant, is typically present as 10-to 80-mm euhedral crystals. Anhydrite is present both as nodules of various sizes and as pore-filling, poikilotopic cement. The volume of anhydrite varies widely and can be quite high locally, especially when present as 3-to 6-cm nodules. The abundance of gypsum varies widely owing to ancient and modern fluid and pressure regimes, and it is commonly present as an alteration rind around anhydrite nodules and as poikilotopic cement. Clay is present in small amounts as insoluble residue in stylolites, which can produce a small gamma-ray log response but does not commonly affect wireline porosity measurements.
Interparticle pores are the dominant pore type in this petrophysical-mineralogical facies, with varying smaller amounts of intercrystalline, intraskeletal, and moldic pores. Because the interparticle pores are well interconnected with relatively larger pore-throat size, they exert the greatest influence on permeability. Intercrystalline pores may or may not contribute to fluid-flow pathways, depending on size and tortuosity. Intraskeletal and moldic pores add some storage capacity but are not commonly sufficiently interconnected to contribute substantially to flow capacity.
Petrophysical Characteristics and Net Pay. Permeability is relatively high in this rock type, ranging to more than 100 md, with a mean typically about 10 md 9 . Porosity can be more than 20% and averages greater than 10%. For a given porosity value, permeability is greater in this rock type than in more mud-dominated rocks. Capillary pressure character is uniform, and irreducible water saturations are generally between 10% and 25% (Fig. 10) .
This petrophysical-mineralogical facies has relatively high storage and flow capacity and rocks with porosities as low as 6%, and permeabilities as low as 0.2 md can be included as net pay. These pay-cutoff values generally result in a water-saturation cutoff of 55%. Accordingly, this petrophysical-mineralogical facies generally has a higher net:gross pay ratio.
Mineralogy Effect on Porosity Logs. The presence of anhydrite results in positive error in porosity calculations made on the basis of acoustic logs, and this error can be as much as 2% at 50% bulk volume anhydrite. In contrast, the presence of anhydrite introduces negative error in calculations made on the basis of neutron and density logs. This negative error is greatest in densitylog calculations, where 2.5% negative error occurs at 50% bulk volume anhydrite. Neutron-log measurements are least affected by the presence of anhydrite, with only 1.25% error at 50% bulk volume anhydrite (Fig. 7) .
Porosity calculations using all three porosity logs have increasingly positive error with increasing bulk volume gypsum. This effect is 10 times greater in neutron logs relative to acoustic logs, and 5 times greater in density logs relative to acoustic logs (Fig. 11) . Therefore, in subtidal, grain-dominated rocks containing gypsum, even a relatively small amount of gypsum renders neutron and density logs unreliable for porosity calculations. Indeed, the positive error in porosity calculations using neutron and density logs is so large that it may not be possible to make reliable corrections.
Dolomitic and Siliciclastic Peritidal Rocks: Mineralogy and Pore Geometry. Siliciclastic and dolomitic peritidal rocks occur as either siliciclastic-dominated, peritidal (tidal-flat), petrophysicalmineralogical facies (Fig. 12) or as carbonate-dominated, peritidal (sabkha), petrophysical-mineralogical facies (Fig. 13) . These rocks may also be associated with porous sandstone. This petrophysicalmineralogical facies is therefore mineralogically complex.
In many Permian Basin Permian reservoirs, these rocks comprise upward-shoaling parasequences of basal shoreface sandstones that grade upward to tidal-flat sandstones. Tidal-flat sandstones are overlain by supratidal, massive anhydrite and/or dolomudstone seals. These parasequences are commonly capped by red sandstone 10 . The hydrocarbon-productive parts of these parasequences are commonly the shoreface and tidal-flat sandstones, which are subarkoses containing a mixture of quartz and feldspar, and the massive shoreface sandstones are commonly cemented with anhydrite. Anhydrite cement occurs preferentially along bedding planes in some instances. Tidal-flat rocks, cemented by poikilotopic anhydrite, contain dolomite and both detrital and authigenic clay. Pore-filling anhydrite is commonly randomly distributed as 1-to 3-cm patches. The bulk mineralogy of these rocks is therefore a mixture of quartz, feldspar, and anhydrite, and the complex mineralogy must be recognized and accommodated when calculating porosity with wireline logs.
Siliciclastic-dominated, peritidal (tidal-flat), petrophysicalmineralogical facies contain intergranular and moldic pores and microporosity. Intergranular porosity dominates tidal-flat rocks in cases where pores are not cemented by anhydrite. Moldic porosity is the result of leaching of euhedral feldspar grains. Microporosity occurs between corrensite clay laths, which coat sand grains. The complexity of the pore types in these rocks is an important consideration when fluid saturation is calculated using wireline logs.
In more marine-dominated successions, dolostone sabkha deposits dominate and are composed of dolomite, anhydrite, and gypsum, as well as minor amounts of detrital silt and clay. Dolomite, the dominant component, consists of euhedral crystals as much as 10 µm in size. Massive and "chicken wire" anhydrite are common. Anhydrite, also common as cement in fenestral pores, sheet cracks, and desiccation cracks, may locally constitute a large percentage of the rock. Gypsum is present as pore-filling cement and as alteration rinds on anhydrite nodules and cements. Minor silt and clay are locally encountered in sheet cracks and desiccation cracks. The siliciclastic-rich zones may either be at cycle bases or appear as part of the capping peritidal cycle tops.
Carbonate-dominated, peritidal (sabkha), petrophysicalmineralogical facies are dominated by vuggy, fenestral pores ( Fig. 13) . Three important observations about this pore type are important for understanding the petrophysics of these rocks. First, pore diameters are much larger than pore throats, influencing electric conductivity and acoustic-log character. Second, pores parallel bedding, resulting in reduced tortuosity in pore pathways for those pores that are connected. Finally, pore connectivity has a threshold of approximately 10% porosity such that rocks with higher porosities have much greater permeabilities than rocks with lower porosities.
Petrophysical Characteristics and Net Pay. The petrophysical characteristics of dolomitic and siliciclastic peritidal rocks are highly variable, and highly irregular pore geometries cause an erratic relationship among petrophysical properties 6 . The correlation between permeability, porosity, and irreducible water saturation is very poor at best. Below 0.5 md in carbonate-dominated, peritidal (sabkha), petrophysical-mineralogical facies, the rock does not generally contain hydrocarbons (Fig. 14) .
The presence or absence of cement, principally calciumsulfate cement, is the main control on net pay in this rock type. If calcium-sulfate cementation is incomplete and localized, this rock type can have sufficient storage capacity to be hydrocarbon productive, although permeabilities may be very low, especially if fenestral (vuggy) pores are poorly connected. In cases where vuggy pores are well connected, this rock type can have both high storage capacity and high flow capacity.
Effect of Mineralogy on Porosity Logs. Porosity calculations in dolomitic and siliciclastic, peritidal rocks must deal with a large variation in mineralogy. All minerals common to Permian, shallowwater, dolostone reservoirs in the Permian Basin, with the possible exception of gypsum, are present in this rock type. Calculations based on the assumption of a dolomite matrix are only slightly affected by the presence of anhydrite. At 10% bulk volume anhydrite, acoustic log error is only positive 0.5%, density log error is negative 0.5%, and neutron log error is negative 0.25% (Fig. 7) . Porosity calculations using an acoustic-neutron or acousticdensity cross-plot are extremely accurate. In rocks containing clay, all porosity logs overestimate porosity (Fig. 8 ). Acoustic and density logs are most affected by clay, having a positive 2% error when clay volume is 10%. Neutron logs are less affected by clay, having less than 1% error at 10% bulk volume clay. Sandstone and siltstone cause a positive error in acoustic-and density-log porosity calculations, whereas neutron-log calculations have negative error (Fig. 15) . The amount of clay and sandstone therefore has the largest impact on porosity calculations.
Diagenetically Altered Subtidal Dolostone. Some Permian dolostone reservoirs in the Permian Basin have undergone postdepositional diagenetic leaching 6, 11, 12 . The diagenetic leaching results in the alteration of gypsum to anhydrite, recrystallization of coarse dolomite crystals, leaching of dolomite rhombs with rounded edges, and pore and pore throat size enhancement. Some leaching patterns are preferentially associated with stylolites, suggesting that this diagenetic event is postburial 6, 11 . Mineralogy and Pore Geometry. Postdepositional leaching has affected both mineralogy and pore geometry in diagenetically altered, subtidal dolostone. The geometry of leached areas is commonly patchy, typically occurring around stylolites and anhydrite nodules or in vertically elongate patches that resemble burrows 9, 12 , although thick zones of completely leached rocks are also encountered (Fig. 16) . Gypsum is associated with this texture, and increased levels of leaching are associated with increased gypsum content. Both anhydrite and gypsum are present as poikilotopic cements filling interparticle pores.
This diagenesis has increased the connectivity of pores by widening pore throats. Partial leaching increased continuity between skeletal and intraskeletal pores and interparticle pores. Previously unconnected pores thus became part of the flow network as a result of leaching.
Petrophysical Characteristics and Net Pay. Postdepositional leaching has increased pore network continuity and pore-throat size, both of which result in increased permeability. In two separate reservoir studies, comparison of leached and adjacent unleached rock demonstrates that postdepositional leaching as much as doubles porosity and can increase permeability by an order of magnitude [11] [12] [13] (Fig. 17) . These relationships result in distinctly different porosity-permeability transforms for the two pore geometries (Fig. 18) . The larger pore throats created by leaching are evident in capillary-pressure measurements, which indicate that leached (altered) rocks have lower irreducible water saturations (Fig. 19) . For a given porosity and height above the oil-water contact, therefore, diagenetically altered, subtidal dolostone has greater permeability and lower irreducible water saturation than unaltered, subtidal dolostone.
Mineralogical Effect on Porosity Logs. The principal mineralogical change associated with postdepositional leaching is alteration of anhydrite to gypsum. Neutron logs are most greatly affected by gypsum presence. Even 10% bulk volume gypsum produces an error of more than 6% in neutron-log porosity calculations that are made assuming a dolomite matrix. Density-log calculations are also greatly affected by the presence of gypsum, with error occurring that is greater than 4% at 10% bulk volume gypsum in calculations that are made assuming a dolomite matrix. Moreover, neutron-density cross-plot calculations result in approximately the same error as do calculations using density logs alone.
Acoustic logs are the porosity tool least affected by gypsum. Ten-percent bulk volume gypsum results in only 1% error in porosity calculations that are made assuming a dolomite matrix (Fig. 11) . In diagenetically altered, subtidal dolostone, it is critical to compensate for gypsum, and, if porosity measurements must be made using only one type of porosity log, acoustic logs are clearly the best choice.
Porosity Calculation Using Wireline Logs
Acoustic Log Models. Acoustic logs are very useful for porosity determination in complex dolostone reservoirs. When calibrated to a dolomite matrix, these logs are less affected by shale than are density logs or cross-plot calculations using both neutron and density logs. Acoustic logs, also much less affected by gypsum than are other porosity tools, can be used to compensate for the small effect that anhydrite has on density and neutron logs.
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Acoustic logs, however, overestimate porosity in cases where silt or sandstone is present in dolostone.
It is commonly necessary to make corrections for siliciclastic content in dolostones when calculating porosities using acoustic logs. Sandstone, siltstone, and shale are common in dolomitic, peritidal rocks, and shale can be present in subtidal dolomitic mudstone. Shale can sometimes be identified using wireline logs with a gamma-ray response greater than 40 API units, provided that the gamma-ray log has been normalized to read 5 API units in massive anhydrite beds (which are commonly associated and/or interbedded with dolomitic and siliciclastic peritidal rocks). Because dolostones commonly contain zones of high uranium, it can be difficult to distinguish uranium-bearing dolostone from true shale using conventional gamma-ray logs. Ruppel 14 demonstrated that spectral gamma-ray logs readily facilitate this distinction by indicating whether high total gamma-ray readings are due to abundant potassium-thorium (typical of siliciclastics including shales) or uranium (typical of mud-dominated dolostones). Uranium-rich dolomites, which may have values greater than 40 API units on ordinary gamma-ray logs, can be identified by the absence of potassium and thorium.
Accurate porosity functions for specific Permian dolostone reservoirs can be developed by making regression calculations between porosity measured in cores and acoustic transit time, provided that shale zones are excluded by gamma-ray log analysis, as discussed earlier. Such empirically derived acoustic porosity functions reflect the specific mineralogy and pore geometry of the core material being used. These regression relationships can be used to derive an apparent matrix transit time. If the regression plot is extrapolated to a porosity of 0%, the acoustic transit time equivalent to 0% is the apparent value for the matrix. Note in the data plotted from six Permian reservoirs (Fig. 20) that the average apparent matrix acoustic transit time is 45.5 µsec-ft ( Table 1) . If these reservoirs were purely dolomite, the matrix transit time would be 43.5 µsec-ft. However, because these reservoirs contain gypsum and anhydrite, and because the acoustic transit times of gypsum and anhydrite are 52.6 µsec-ft and 50.0 µsec-ft, respectively, these mixed mineralogy reservoirs have lower acoustic velocities than those of pure dolomite reservoirs. Sulfate content therefore dictates the matrix transit time that must be used for accurate porosity measurement.
Similar reasoning can be used to calculate apparent fluid transit time. If the regression plot is extrapolated to a porosity of 100%, the acoustic transit time equivalent to 100% is the apparent value for the fluid. Consider the average apparent fluid transit time for the same six example reservoirs discussed earlier, which averages 150 µsec-ft (Table 1 ). This value is much lower than the pure water value of 189 µsec-ft. The cause of this discrepancy is due to pore geometry and pore connectivity. The Wyllie time-average equation 15 for calculating porosities from acoustic logs assumes a wellconnected, intergranular pore system, which is clearly not the case in these complex dolostone reservoirs. Note that subtidal dolomitic mudstone-wackestone from the Monahans field reservoir has an apparent fluid transit time very close to that of water. Among these example dolostone reservoirs, the intercrystalline pore-system characteristic of subtidal dolomitic mudstone is closest to the ideal intergranular pore system assumed by the Wyllie time-average equation. In contrast, the other example reservoirs have more complex pore systems and, accordingly, their apparent fluid transit times are much higher (Table 1) .
Empirical acoustic transit time and porosity relationships derived for the example complex dolostone reservoirs of the Permian Basin are not perfectly linear. As a result of vuggy porosity, acoustic-wave bypass causes a greater increase in transit time per unit increase in porosity at increasingly higher porosities. Nonlinear models described in the literature, such as those of Refs. 16 and 17, are nonlinear in the opposite sense. That is, at increasingly higher porosities, a smaller increase in transit time occurs per unit increase in porosity. These published nonlinear models are therefore not applicable to our example reservoirs and are probably not applicable to other dolostone reservoirs containing complex pore geometries.
Multi-Log Modeling. When very few reservoir-specific data are available, as is the case when no cores have been collected, the most accurate approach is commonly multi-log modeling using standard log interpretation plots provided by commercial logging companies. However, when appropriate data are available, empirically derived models can produce much more accurate porosity calculations.
One multiple-log, porosity-calculation technique is the use of simultaneous equation models that are based on the response of the three types of porosity tools to the major rock constituents 18 . These are responses that each open-hole wireline log has to each mineral present, and the technique also uses a simple mixing rule. A unity equation for the porosity and bulk volume of each mineral modeled is used to add an additional equation. Both bulk volume of various minerals and porosity are calculated from wireline-log response by using linear matrix inversion or least squares analysis. The critical step in this analysis is determining the minerals and their individual effects on logs. An example of porosity calculations using this technique is presented in Ref. 19 .
The coefficients that relate rock properties to log response in multiple simultaneous equations can vary widely. Those rock components having the most variable log responses are shale and the fluid content of the pores ( Table 2 ). The variability of wireline response to shale is a function of the wide range of clay minerals that compose shales and the variable cations that can occupy the same lattice site in some clay minerals. Gamma-ray log responses can also be affected by shale composition, as well as borehole size and mud type. Three steps ensure that the proper coefficients are applied in a specific reservoir interval or flow unit. First, identify a zone of 10% shale. Second, solve linear regression relationships for each porosity-tool response using gamma-ray log response. Third, substitute the 100% shale gamma-ray values in the linear regression equations, and solve for each porosity-tool response. The results are the porosity-log values for shale to be substituted in simultaneous equations.
As discussed earlier, the apparent fluid transit time is different for grainstones and mudstones owing to the complexity of grainstone pore geometry. Accordingly, separate simultaneous equation models should be made for each rock type in the reservoir, and each will have a different apparent fluid transit time.
Analysis of multiple simultaneous equations produces both porosity and lithology. In an example of this type of analysis for a well in Monahans field (Fig. 21) , porosity and lithology were derived from separate sets of coefficients for dolomitic and siliciclastic, peritidal rocks; subtidal, grain-dominated dolostones; and subtidal, mud-dominated dolostones. When calculated porosity is compared with core porosity, the correlation is best where lithology changes are least abrupt. Where lithology changes are abrupt, such as between 4,925 and 4,960 ft, the correlation is poorer owing to shoulder effects on wireline-log response.
Determination of Fluid Saturation
There are two approaches to calculating fluid saturations from wireline logs. One is using the Archie equation 8 with reservoirdependent modifications of the formation resistivity factor (FRF):
The coefficient "a" is empirically derived and generally defaulted to 1. Empirically varying "a" and "m" can result in more accurate fluid saturation calculations.
The second approach to determining fluid saturations is to calculate a saturation indicator. Two commonly used indicators are bulk volume water 20 and the productivity ratio index 21 . These indicators can be derived using wireline log data. It should be noted that results of this analytic approach do not produce a hydrocarbon saturation value but rather just a hydrocarbon indicator. Additionally, we are unaware of any published examples of this approach being applied to complex dolostone reservoirs of the Permian Basin.
Cementation Exponent Models. A wide variety of methods have been used to model "m" in the formation resistivity factor equation (Equation 1). Three principal approaches are (1) total porosity models, (2) pore-type models, and (3) wireline data models. Importantly, these empirical models depend on assumptions, such as "a" being equal to 1, that may be incorrect. Note that an "a" value of less than 1 results in a smaller FRF and, therefore, a smaller water saturation.
The use of total porosity to derive "m" values was first proposed by Archie 8 . Numerous other workers have since derived empirical equations that vary the value of "m" with total porosity (for example, see Refs. 22 through 25) (Fig. 22) . These models are based on the premise that tortuosity, which is related to "m," increases with increasing total porosity. However, "m" is not measurable in a rock sample but, rather, is calculated from Equation 1, which must assume a value for "a." These models are therefore not amenable to modifications on the basis of facies control of pore geometry.
Pore geometry models are based on intergranular porosity and employ a correction for the presence of vuggy (or secondary) and fracture porosity. These relationships are determined either from empirical laboratory observations or from actual wireline log data. Empirical laboratory models accommodate the variations in the relationship between FRF and porosity by making "m" dependent on the ratio of vuggy and fracture porosity to total porosity 4, 7, 26, 27, 29 . These interpretation schemes are well suited to applying geologic reservoir characterization results to wirelinelog analysis, but they do not allow for variation in the value of "a" (Fig. 23) .
Cementation exponent models using wireline-log data employ both acoustic logs and dielectric logs to accommodate variations in pore type. Acoustic-log models use the variation between acoustic and density-neutron responses to vuggy porosity in order to characterize the pore network. These models have been used exclusively in oomoldic carbonates, which have very high vuggy porosity 26, 27 . As discussed previously, in low-porosity, complex dolostone reservoirs, mineralogy may significantly affect the responses of various porosity logs. Consequently, the difference between acoustic porosity and density-neutron porosity may be caused by mineralogy rather than vuggy porosity. These models, therefore, are generally not applicable to complex dolostone reservoirs. Wireline-log models using dielectric logs are based on a determination of hydrocarbon saturation in the flushed zone (S xo ). Flushed-zone saturation and shallow resistivity-log data are used to determine the cementation exponent, which is substituted into the Archie equation to calculate water saturation 20, 30 . This method is dependent on matrix dielectric propagation time, which in turn is influenced by mineralogy. For example, the difference between the dielectric propagation time of anhydrite and that of dolomite is only 3.5%, but the difference between that of dolomite and gypsum is 21.8%, between that of dolomite and sandstone is 17.2%, and between that of dolomite and shale is as much as 90.8%. The complex mineralogy of most complex dolostone reservoirs can therefore introduce tremendous errors in saturations calculated using dielectric logs.
Petrophysical-Mineralogical Facies Effects on Formation Resistivity Factor. When considering factors that cause variation of FRF, it is important to appreciate that the cementation exponent "m" is a calculated variable and cannot be determined by laboratory measurement. Indeed, FRF is defined as the ratio of resistivity of 100% water-saturated rock to water resistivity. Derivation of an empirical value for "m" from laboratory measurements requires two assumptions: (1) the Archie Equation relationship of FRF to porosity is correct and (2) "a" is equal to 1. This derivation involves some circular reasoning because "m" is calculated from measured values of FRF and porosity and a curve-fitting relationship is established between "m" and porosity, even though "m" was derived from porosity. To our knowledge a critical analysis of these two fundamental assumptions has not been made for complex dolostone reservoirs in the Permian Basin.
Because of this large uncertainty concerning the value of FRF, we have developed separate models for FRF in subtidal (mud-and grain-dominated, petrophysical-mineralogical facies) and peritidal (carbonate-dominated, petrophysical-mineralogical facies) rocks based on core-derived porosity and permeability data. There are three characteristics of this modeling approach that lend confidence to the results: (1) porosity and permeability are independent variables that are determined by laboratory measurements and are directly related to the effects of pore geometry on tortuosity, (2) these models do not assume a value for "a," and (3) these models calculate FRF directly, without requiring substitution of varying values for "m."
An inverse log-log relationship exists between FRF and SPE 75214 M.H. HOLTZ, R.P. MAJOR 6 permeability, and, significantly, for a given permeability the FRF of peritidal petrophysical-mineralogical facies is less than that of subtidal petrophysical-mineralogical facies. FRF and porosity have an inverse semilog relationship and, for a given porosity, peritidal rock FRF is less than subtidal rock FRF (Fig. 24) . On the basis of these relationships, nonlinear regression analysis yields two equations for FRF: 
The greater error (lower correlation coefficient) for the peritidal rock relationship is a consequence of the greater variability in the pore geometry of this rock type; that is, peritidal rocks contain both intercrystalline porosity in mudstone and vuggy and interparticle porosity in pisolite packstone. Much of this error can be eliminated by applying a minimum porosity cutoff value for making calculations. Consider the comparison of actual data with the regression relationship illustrated in Figure 24 . The largest divergence of predicted and calculated FRF occurs at values greater than 1,000, corresponding to porosities of less than 4%. A common cutoff value for calculating net pay in Permian Basin complex dolostone reservoirs is 5%, which would eliminate most of the error in calculated FRF values.
Formation Resistivity Factor Modeling in Diagenetically Altered, Subtidal, Petrophysical-Mineralogical Facies. As demonstrated earlier, for a given porosity, the FRF of subtidal rocks is greater than that of peritidal rocks owing to the differences in pore geometry of the peritidal rock pore network. A similar tortuosity effect creates a difference in FRF values in diagenetically altered (leached), subtidal dolostone relative to unaltered, subtidal dolostone. Because leaching has increased pore connectedness and pore-throat size, the tortuosity of this rock type has been reduced, and, for a given porosity, FRF values are lower than those of unaltered, subtidal dolostone (Fig. 25) . Owing to these poregeometry effects on FRF, a separate Archie Equation model is constructed for each rock type. FRF as a function of porosity and permeability was not attempted owing to paucity of data. The best-fit function is solved by allowing both "a" and "m" to vary (Fig. 25) . By applying these separate models on the basis of rock types, greater accuracy can be obtained when calculating water saturation.
Conclusions
Pore geometry controls the interrelationships among petrophysical properties. The relative bulk volumes and spatial relationships of various types of pores in complex dolostone reservoirs control the rock-pore geometry. As pore geometries become more complex, the interrelationship between porosity, permeability, formation resistivity factor, and capillarity changes, and, therefore, the most accurate methods for predicting one from the other also change.
It is critical to consider rock mineralogy and depositional and diagenetic facies when making porosity calculations using wireline logs. Acoustic logs are least affected by mineralogical variation in complex dolostone reservoirs, and so, therefore, is the log of preference if only one log is available. When calculating porosity from simultaneous equations and multiple porosity logs, we can obtain more accurate porosities by deriving petrophysicalmineralogical facies-specific equation coefficients. The most critical coefficients are fluid transit time, which is affected by pore geometry, the shale coefficient (a function of clay mineralogy), and the gypsum coefficient, which in turn has a large influence on neutron-log readings.
Archie Equation solutions of water saturation will be more accurate if separate formation resistivity factors are used for each petrophysical-mineralogical facies within a reservoir, particularly in reservoirs that contain both subtidal and peritidal rocks because these rock types have very different pore geometries. Additionally, as is illustrated by the Permian Basin examples described herein, diagenetically altered, subtidal dolostone has a lower FRF than does unaltered, subtidal dolostone because the alteration (leaching) event widened pore throats. Fig . 7 -The presence of anhydrite in dolostone reservoirs produces errors in porosity calculations made using wireline logs normalized to dolomite. Note that the least error is in calculations made using neutron logs. Fig. 8 -The presence of clay in dolostone reservoirs produces errors in porosity calculations made using wireline logs normalized to dolomite. Note that the least error is in calculations made using neutron logs. Cementation exponent m Borai (1987) Total porosity (fraction) Fig. 22 -Empirically derived models that determine cementation exponent from total porosity 7, 23, 24, 32 . Fig. 23 -Empirically derived values of cementation exponent as a function of the ratio of separate-vug porosity to total porosity 4, 7, 26, 27, 29 .
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